Abstract-We carried out experiments to measure velocities within turbulent water flow over wavy plates fixed to the bottom of an open channel. We also have measured total drag acting on these plates. Wall-shear stress is evaluated from the gradient of mean velocity adjacent to the plate surface. The pressure drag is calculated from the difference between the total drag and friction drag. Results show that the friction drag for a symmetrical-wavy plate is 21% lower than that for a flat plate. The former, furthermore, offers benefits in reducing pressure-drag increases.
INTRODUCTION
Particular attention has been given to turbulent flow over a wavy surface not only in marine biology and biomimicry but also in ship engineering. Owing to the viscosity of water, propelling a body through water is difficult requiring large energy expenditure. Hence, hydrodynamic mechanisms for increasing thrust or decreasing drag can benefit vehicles by enhancing engine performance. The present authors have focused primarily on drag reduction, especially, with the objective of reducing fuel consumption of boats. Dolphins exemplify an extreme adaptation in drag reduction. Several possible mechanisms have been proposed for this friction-drag reduction. These include (i) viscous damping by compliant skin, (ii) an induced turbulent boundary layer and (iii) boundary layer acceleration [1] . Concerning compliant skin, Choi et al. [2] obtained turbulent drag reduction for a long slender body using silicone-rubber surfaces. A 7% drag reduction was achieved with a compliant surface with turbulent boundary layer.
Folds of skin are another possible mechanism. When dolphins swim swiftly, the force acting on the skin is stronger than that at normal speeds. Skin folding is observed only when dolphins swim swiftly. Thus, skin folding may contribute in reducing drag acting on fastswimming dolphins.
In our research group, we have considered that the deformation of the skin surface is small and the motion of the skin folds is slow because of the skin structure (Zhang et al. [3] ). Thus, we have modeled the folded skin with rigid wavy surfaces. We have used several wavy plates with widths shorter than the width of our open channel. These mimic actual folded skins which are seen in limited areas of the body. Ozaki et al. [4] measured the friction drag of a wavy plate (hereafter called a normal-wavy plate) for which the amplitudewavelength ratio, a/λ, was equal to 0.035. Their result indicated that the friction drag of the wavy plate was slightly lower than that of a flat plate, and contrasted with a numerical result in which the friction drag of a two-dimensional (i.e. infinitely wide) sinusoidal wavy wall with a/λ < 0.045 is higher than that of a flat plate [5] . Ozaki et al. [4] also measured the total drag and pressure drag of the plate, and showed that the pressure drag was lower than that predicted for a/λ = 0.035 [5] . Furthermore, Ozaki et al. measured the drags for another wavy plate (a/λ = 0.035) with ridgelines angled to the main direction of flow (hereafter called an angled-wavy plate). They obtained similar results to those of the normal-wavy plate. These results were attributed to small-scale recirculation flow appearing intermittently.
In the present research, we use a new plate with a symmetrical ridgeline in the transverse direction (hereafter called the symmetrical-wavy plate). Velocity and total drag are measured using the same method as those in our previous studies [4, 6] . The friction drag and pressure-drag are calculated from these results.
II. EXPERIMENTAL SETUP
A. Apparatus Figure 1 depicts the setup of the apparatus. From a constant-head upper tank, water flows into a chamber through valves. After passing the contraction part, water flows into the open channel of 2000 mm in length, 270 mm in width, and 150 mm in height, towards a lower tank at the downstream end of the channel. The channel bottom from the inlet to the downstream end of the test section is covered with a natural-rubber sheet, except for the area in which the test plate is located. The x, y, and z axes are in the streamwise, upward, and transverse directions, respectively. The origin of the coordinate system is centered on the channel inlet bottom. placed at 1000 mm < x < 1300 mm, at a suitable distance from the inlet. Emery paper is fixed on the inlet bottom just after the contraction part to promote the development of a turbulent boundary layer flow. Tap water is used as the working fluid, which is circulated using a submergible pump in the lower tank; the water temperature is adjusted with two chillers. Figure 2 gives sketches of the test plates. Each plate consists of a T-shaped metal plate of length 300 mm, width 130 mm, and thickness 1 mm with a 0.5-mmthickness silicone-rubber covering sheet. The rubber sheet is affixed with double-sided adhesive tape of length 2 mm positioned in the streamwise direction at regular intervals. To create a wavy surface on the plate, small metal tubes are inserted between the plate and covering sheet in between the adhesive tapes. The total weight of the tubes is less than 3.4% of the total weight of the test plates. Thus, the increase in weight due to the tubes when added to the test plates is negligible. Figure 2 Figure 2 (c) shows the angled-wavy plate used in our previous study [4] ; the ridgelines are uniformly +80° to the flow direction. A flat test plate without tubes inserted was used as a reference.
B. Test Plate
For each type of plate, the wave amplitude, a, was 0.7 mm and the wavelength, λ, was 20 mm; thus, the ratio a/λ was 0.035. Although the amplitude of actual dolphin skin folds cannot be measured, the wavelength is the same order of magnitude of the observed skin folds of a fast-swimming bottlenose dolphin [3] . We partition the wavy surface and the space above each surface into six sub-regions and sub-spaces as shown in Figure 2 (d); depending on inclination these are termed downhill2, downhill1, valley, uphill1, uphill2 and hilltop.
III. MEASUREMENT PROCEDURES

A. Velocity Measurement System
We measured streamwise and vertical velocities using a flow visualization technique and particletracking velocimetry. Figure 3 indicates the velocity measurement system. We used tracer particles (ORGASAL, KANOMAX JAPAN INC.) with diameters in the range 48 -52 μm. This minimum diameter is twice as large as the smallest turbulence scale, which will be discussed in the next subsection. The light source used was a green light beam of an Nd: YVO 4 laser. The beam was expanded with a planoconvex cylindrical lens and a plano-concave lens and then passed through a 5-mm-wide slit to produce a light sheet. The light sheet illuminated the area 2 mm < z < 7 mm which is close to the symmetrical plane. The plate was attached with double-sided adhesive tape. Scattered light from the particles was captured by a CMOS camera (Photron, FASTCAM 1024-PCI), which was located to one side of the channel. The optical axis of the camera was set parallel to one of the ridgelines so that half of the valley of the plate could be completely observed. A triangular water prism (10° inclusive angle and 100 mm in height) was attached to the outer surface of the wall to reduce refraction at the channel sidewall. As the light sheet was angled 80° to the camera axis, the captured images were distorted slightly. We took an image of a scale as a reference image to aid in compensating for the distortion in images. Conditions for image-capturing are summarized in Table 1 . All captured images were directly recorded into the memory of a PC. B. Image Processing A particle-tracking velocimetry (PTV) technique was applied in obtaining the tracer particle images. We adopted the same three-step processing of images that we used in our previous studies (Kitagawa et al. [7] , Ozaki et al. [4] and Kuroda et al. [6] ):
(1) The particle-mask correlation method, developed by Etoh et al. [8] , was used to capture any weak scattered light from particles in the images. (2) The PTV technique based on the velocity gradient tensor method, proposed by Ishikawa et al. [9] , was applied to the preprocessed images to determine velocity vectors. In this method, the matrix including the velocity gradient tensor was calculated for pairs of neighboring particles in a specific region around a single particle. (3) The sum of the square of errors in the matrix was then evaluated. This procedure was repeated for all the candidate particles until the sum reached its minimum value. This method has the advantage of accurately reproducing strongly-deformed velocity fields.
Particle velocities were redistributed to the grid-points of 14 × 50; each velocity was simply shifted to the nearest grid point in the redistribution procedure. The uncertainty of the velocity was 0.012 m/s for u e =1.14m/s [4] . The time-averaged wall-shear stress and thus the friction drag were calculated using the Clauser plot [10] in each sub-region.
In our previous study [6] , Kuroda et al. estimated the Kolmogorov length scale l K and time scale t K in the identical flow condition using the friction velocity and the dissipation rate of turbulent kinetic energy. The dissipation rate near a flat wall was calculated from the direct numerical simulation result obtained by Iwamoto et al. [11] . l K and t K were 0.024 mm and 0.59 ms respectively.
Velocities in the uphill and downhill regions were evaluated by rotating the captured images ±10.8° so that the surface became horizontal. This rotation of images leads to a more accurate determination of velocity gradients without using a complicated imageprocessing technique [12] . Figure 4 shows the total drag measurement system. The test plate was set so that it can move easily in the horizontal direction because many plastic balls (0.3mm in diameter) were placed between the lower surface of the test plate and the channel floor. The test plate was supported by two vertical cantilevers, which were made of phosphor bronze strips (120mm in length, 8 mm in Fig. 3 . Velocity measurement system. width and 1 mm in thickness). The upper end of each cantilever is clamped above the free surface; the lower end contacts a tiny U-shaped mini channel, which is attached to the edge of each wing of the test plate. As the measurement of the deflections of cantilevers in water is difficult, we measured the strain at the location of each cantilever using a strain gauge. The strain corresponds to a drag acting on the test plate. These gauges were connected to bridge circuits (Kyowa Electronic Instruments Co., Ltd: PCD-300A). The signal output from the circuits was recorded on a PC. To reduce errors caused by the flow colliding with the cantilevers, the cantilevers were placed inside recesses of the sidewalls. The error for the total drag was approximately ±6% [6] . Figure 5 shows a schematic outlining of the method used to obtain the relationship between force acting on the strip and the output of strain gauges. The weight applied to the testing setup is assumed to give the total drag acting on the plate. Several different weights hang at the end of the phosphor bronze strip to change the force acting on the strip.
C. Total Drag Measurement System
D. Relationship between strain and force
The relation between the non-dimensional strains, ε, applied to the phosphor bronze strip on the vertical direction and the force, W, calculated from the mass of the weight is found to be linear (see Fig. 6 ). With the test setup calibrated, the total force was then obtained from the sum of the forces calculated from the measured strains using these calibration lines. 
IV. RESULTS AND DISCUSSION
A. Flat Plate
The profile of the mean streamwise velocity above the flat plate is given in Fig. 7 . The friction velocity u τ was calculated from the Clauser plot. u τ was 54.5 mm/s. The wall-shear stress was calculated from the gradient of the mean velocity.
B. Valley and Hilltop Regions of Wavy Plate
In Fig. 8 , the profiles of mean streamwise velocities in the valley and hilltop regions are compared with those of the flat plate. The mean streamwise velocity in the valley region is clearly lower than that in the hilltop region near the plate surface. The vertical velocity adjacent to the plate in the valley region takes a negative value.
Turbulence intensity profiles in the streamwise and vertical directions are given in Fig. 9 . In the streamwise direction the intensities in the valley region are higher than those in the hilltop region. In the region y + < 50, the vertical turbulence intensities in the valley region are higher than those in the hilltop region. Among the three plate types, the turbulence intensity is lowest for the flat plate.
These results are in agreement with the experimental results obtained by Zhang et al [3] . All the turbulence quantities indicate that the turbulence structures, such as hairpin vortices, near the valley and hilltop are different from those near the flat plate. Figure 10 shows the velocity profiles in the downhill1 and uphill1 regions. These regions are located symmetrically with respect to the valley. With y + < 75, the streamwise velocity in the downhill1 region is higher than that in the uphill1 region. Note that the high and low values of the vertical velocities are due to the image rotation during image processing mentioned in subsection III B.
C. Uphill and Downhill Regions of Wavy Plate
A comparison of turbulence intensity profiles in the downhill1 and uphill1 regions (see Fig 11) indicates intensities are higher in the downhill1 region than in the uphill1 region. In the area y + < 75, the downhill1-region intensities decrease as y + increases. Similar velocity and turbulence profiles are given for the downhill2 and uphill2 regions (Figs. 12 and 13 ). These regions are located symmetrically with respect to the hilltop. The streamwise velocities in the downhill2 region with y + < 75 are higher than those of the uphill1 region. Moreover, the turbulence intensity in the downhill2 region is obviously higher than that in the uphill2 region. In the area y + < 40, the streamwise turbulence intensity in the downhill2 region decreases with increasing y + . In regions near the surface, turbulence intensities in the downhill regions take high values and decrease with increasing y. When the shear-layer is intercepted by the rising surface downstream of the trough, a region of very large velocity gradients is formed close to the surface (Hudson et al. [13] ). Flow separation is present near the trough of the wavy surface. Ozaki et al. [4] visualized the separation flow over the wavy plate by injecting dye close to the surface. Recirculating dye appearing in the downhill1 region with small dimension was occasionally observed. In the present study, we performed identical flow visualization by injecting the dye (Rhodamine B). A typical dye image is presented in Fig. 14. A small patch of dye (indicated by an arrow) is observed in the downhill region. This patch is the evidence of recirculation flow. The size of patch is smaller than that observed by Ozaki et al. [4] . This fact shows that the recirculation flow in the present study is weaker than that observed in [4] .
D. Wall-shear Stress
The wall-shear stress, τ w , in the mainstream direction was calculated from the gradient of streamwise mean velocity. We examined the dependence of the wallshear stress on the transverse location, z. Figure 15 presents a plot of the wall-shear stress in three different locations in the transverse direction. The values at z = 32.5 mm and z = 57.5 mm were obtained from the measured velocity distribution [14] . The result shows a slight decrease in the wall-shear stress from the centerline to the edge of the symmetrical-wavy plate. This is due to the fact that the profiles of mean velocities become lower towards the edge of the test plate in transverse direction. In contrast, no difference in the wall-shear stress is found with the normal wavy plate. These findings suggest that the recirculation flow along the valley develops from the center to the side edge of the symmetrical-wavy plate.
By assuming that the wall-shear stress is uniform in the streamwise direction, an average value of the wallshear stress over the whole region was obtained. The average value for the symmetrical wavy plate at z = 4.5 mm is 2.66 N/m 2 , whereas the wall-shear stress for the flat plate was 2.91 N/m 2 . Thus, the wall-shear stress is decreased by 8.6% due to the wavy surface.
A comparison of the wall-shear stress in each subregion is given in Table 2 . The wall-shear stress in the valley region is lowest, among the sub-regions. The wall-shear stress in the downhill region is higher than that in the uphill region.
E. Total Drag
The time-averaged value of the total drag D t for the flat plate for 100 seconds was 0.12 N. This is in agreement with the result obtained by Ozaki et al. For the symmetrical wavy plate, D t was higher than that of flat plate by 46%. This increase in D t is associated with the pressure drag increase due to the wavy surface. Table 2 . Wall-shear stress in each region
F. Drag Coefficients
We compare the friction-drag coefficient C f , pressuredrag coefficient C p , and total-drag coefficient C t for each plate types in Fig. 16 . Each coefficient is calculated by the following equations:
where S is the surface area of the base plate, ρ is density of fluid, and b u is the bulk-mean velocity. C f for the symmetrical-wavy plate is 21% lower than that for the flat plate, 3% higher than that for the normal wavy plate and 23% lower than that for the angled-wavy plate. Thus, the symmetrical-wavy plate is effective for reducing friction drag.
C p for the symmetrical-wavy plate is 30% lower than that for the normal-wavy plate and 10% lower than that for the angled-wavy plate. Thus, the symmetrical-wavy plate is effective in reducing pressure-drag increase, though the pressure drag is not negligible.
C t for the symmetrical-wavy plate is 46% higher than that for the flat plate, but 15% lower than that for the normal-wavy plate, and 19% lower than that for the angled-wavy plate. Thus, we found that symmetrical-wavy surfaces are advantageous for both friction-drag reduction and the reduction of total-drag increase. Further reduction of total-drag increase will be expected by considering skin separation [15] . A hydrophilic surface may be effective in mimicking gradual skin separation using a slightly slippery surface [16] .
V. CONCLUSIONS
We measured velocities of turbulent water flow over a wavy plate with symmetrical ridgelines in a shallow open channel with Reynolds number 1.2 × 10 6 calculated based on the mean velocity far from the plate and streamwise distance. Also, the total drag acting on the plates was measured using strain gauges. The main conclusions obtained are as follows:
(1) The friction-drag coefficient for the wavy plate with symmetrical ridgelines is 21% lower than that for the flat plate. This is due to the small-scale recirculation flow appearing intermittently.
(2) The value of the pressure-drag coefficient for the wavy plate with symmetrical ridgelines is lower than those for the normal-wavy plate and angled-wavy plate.
